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We performed resonant soft X-ray diffraction on known charge density wave (CDW) compounds,
rare earth tri-tellurides. Near the M5 (3d - 4f) absorption edge of rare earth ions, an intense
diffraction peak is detected at a wavevector identical to that of CDW state hosted on Te2 planes,
indicating a CDW-induced modulation on the rare earth ions. Surprisingly, the temperature depen-
dence of the diffraction peak intensity demonstrates an exponential increase at low temperatures,
vastly different than that of the CDW order parameter. Assuming 4f multiplet splitting due to the
CDW states,we present a model to calculate X-ray absorption spectrum and resonant profile of the
diffraction peak, agreeing well with experimental observations. Our results demonstrate a situation
where the temperature dependence of resonant X-ray diffraction peak intensity is not directly re-
lated to the intrinsic behavior of the order parameter associated with the electronic order, but is
dominated by the thermal occupancy of the valence states.
PACS numbers: Valid PACS appear here
I. INTRODUCTION
Electronic orders, such as charge, spin, and orbital or-
ders, are important ground states that have been found
in many correlated electron systems. These electronic
orders are periodic real space modulations of a fraction
of valence electrons, which can be uniquely probed via
resonant X-ray diffraction.1–7 In the measurement of res-
onant X-ray diffraction, the incident photon energy is
varied across an absorption edge of a constituent element
of the sample, which allows virtual transitions of a core
electron into unoccupied intermediate valence states as-
sociated with the absorption process. These processes re-
sult in a significant enhancement of the scattering cross
section from the valence electrons, revealing the nature
of valence states that are associated with electronic or-
der. In most cases, the temperature dependence of the
resonant diffraction peak exhibits a good correspondence
with that of an order parameter. However, due to the
complication of the resonance processes involved, there
are circumstances when the resonant diffraction peak in-
tensity may not be governed by the intrinsic temperature
dependence of the order parameters.
We demonstrate such an effect in a family of rare earth
tri-tellurides, RTe3 (R is an rare earth ion, such as Tb,
etc.), which is known to exhibit charge density wave
(CDW) states. The crystal structure of RTe3 is shown
in Fig. 1 (a); it consists of RTe and Te2 layers stacked
along the b-axis. It has been shown that electrons in
the Te p-orbitals in the Te2 sheets make up the Fermi
surface, which is gapped at the portion of Fermi surface
connected by the CDW wavevector. This suggests that
the CDW state in RTe3 is driven by the mechanism of
Fermi surface nesting12–15. In addition, The CDW tran-
sition induces a lattice distortion which can be detected
by non-resonant X-ray diffraction experiment9. The rare
earth ions, which are located in the adjacent layers, can
be affected by the formation of the CDW state on the
Te2 plane. In this paper, we present the results of reso-
nant X-ray diffraction measurements near the rare earth
M5 (3d-4f) absorption edge to study the CDW-induced
effect on the rare earth ions, whose temperature depen-
dence is, however, distinct from the expected CDW order
parameter.
This paper is organized as follows. Materials and ex-
perimental method is described in Section II. Experimen-
tal results are demonstrated in Section III. Theoretical
model and calculations are detailed in Section IV. Fi-
nally, a discussion is given in Section V.
II. MATERIALS AND EXPERIMENTAL
METHODS
Single crystals of TbTe3, DyTe3, CeTe3, GdTe3, and
LaTe3 were chosen for this study. At room temper-
ature all of these compounds exhibit a unidirectional
CDW with wavevector q ∼ 2/7 c*. DyTe3
8 and TbTe3
10
also exhibit a second CDW transition below 50 K with
a wavevector oriented along the a-axis direction. In
this study, we only focus on the CDW state occur-
ring at higher transition temperatures. These crystals
were grown by slow cooling a binary melt, as described
previously8. The resonant X-ray scattering experiments
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FIG. 1: (Color online) (a) Crystal structure of the rare earth
tri-telluride, RTe3 (R=Tb, Dy, etc). (b) Scattering geometry.
The polarization of the photons is set to be parallel to the
scattering plane (pi geometry).
were performed at Beamline 8 of the Advanced Light
Source (ALS) at Lawrence Berkeley National Laboratory
using a two-circle diffractometer. The scattering geome-
try is sketched in Fig. 1 (b). The scattering plane is in
the b-c plane with the polarization of the incident pho-
ton in the scattering plane (π geometry). In order to ob-
tain a clean and non-oxidized surface, the samples were
cleaved in the air immediately prior to loading into the
vacuum chamber. During the measurement, the samples
were mounted on a 6-axis sample stage which is thermally
connected to a low temperature cryostat with constant
flow of liquid helium. The sample temperature was con-
trollably varied from 10 K to 300 K with a fluctuation
less than 1 K.
III. EXPERIMENTAL RESULTS
We first focus on the results of TbTe3, whose transi-
tion temperature to the CDW state (TCDW ) is known to
be 335 K9. At 30 K (inset of Fig. 2), CDW diffraction
peak located at (0, 4, qCDW ∼ 0.296 c*) can be clearly
resolved near the Tb M5 edge (3d - 4f transition). This
confirms that some sort of periodic modulation does oc-
cur on the TbTe rare earth layer, which is clearly induced
by the formation of the CDW state in the neighboring Te2
planes. Interestingly, as demonstrated in Fig. 2, the pho-
ton energy dependence of the diffraction peak intensity
exhibits a lineshape that is different from the X-ray ab-
sorption spectrum (XAS). More specifically, the diffrac-
tion peak intensity is found to be strongest not when the
incident photon energy is tuned at the maximum of the
XAS, but 1eV below it, at 1239.5eV. Once the photon
energy is tuned away from 1239.5 eV, the peak intensity
drops significantly, indicating that the resonant effect is
significantly weakened, even though the photon energy
is still within the absorption edge. It is found that the
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FIG. 2: (Color online) The absorption curve (black) near the
Tb M5-edge and the intensity of the (0, 4, qCDW ) peak as a
function of the incident photon energy, where qCDW ≈ 0.296
c*. Inset shows a representing θ-2θ scan of the (0, 4, qCDW )
diffraction peak. Data were taken at a temperature of 30 K.
diffraction peak intensity is enhanced by approximately
three orders of magnitude compared to that measured off-
resonance at 1230 eV. The distinct lineshape between the
X-ray absorption curve and the resonant profile, defined
as the diffraction peak intensity as a function of incident
photon energy (e.g. red curve in Fig. 2), implies an elec-
tronic nature of the diffraction peak intensity, rather than
the scattering by periodic lattice distortion, whose reso-
nant profile would follow the main features of the XAS11.
As will become clear in Section IV, this resonant profile
can be explained by the periodic 4f multiplet splitting
with an identical period as that of the CDW state in the
Te2 plane.
The temperature dependence of the CDW resonant
diffraction peak taken at 1239.5 eV at temperatures near
TCDW is plotted in Fig. 3 (a). The intensity of the
peak decreases linearly with increasing temperature, and
disappears when the sample temperature is higher than
TCDW . In addition, the width of the diffraction peak
becomes broader at temperature near TCDW . The or-
der parameter, defined as the square root of the peak
intensity, is shown in the lower panel of Fig. 3(a) and su-
perimposed with the results obtained from non-resonant
hard X-ray diffraction measurements. Near TCDW , we
found a good agreement on the temperature dependence
of the diffraction peak between the measurement at the
absorption edge of Tb M5-edge and far away from any of
the absorption edge, behaving like an order parameter in
a 2nd order phase transition.
Surprisingly, upon cooling the sample to temperatures
well below TCDW , the temperature dependence of this
CDW resonant diffraction peak deviates from the ex-
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FIG. 3: (Color online) (a) Upper panel: the intensity (red) and the width (blue) of the diffraction peak as a function of
temperatures taken at incident photon energy of 1239.5 eV. Lower panel: the square root of the diffraction peak intensity, for
the CDW diffraction peak obtained from both resonant soft X-ray diffraction (this experiment, red markers) and non-resonant
hard X-ray diffraction (Ref.9, green). (b) Same as (a), but the data taken at lower temperatures are plotted. (c) XAS (upper)
and CDW resonance profiles (lower) at three representing temperatures. The structure of XAS and CDW resonant profile are
essential unchanged.
pected behavior of a CDW order parameter. As shown
in Fig. 3(b), the intensity of the peak dramatically in-
creases at temperatures below 200 K. In addition, the
temperature dependence of the width is also unusual: the
width first decreases below TCDW ; it then increases at
temperatures lower than 300 K, until the temperature
reaches 150 K - 200 K, where the width is seen to keep
at a constant value. Clearly, such anomalous resonant
diffraction peak intensity enhancement at low tempera-
tures does not reflect the magnitude of the CDW order
parameter. This is further demonstrated in the lower
panel of Fig. 3(b), the square root of the non-resonant
hard X-ray diffraction peak intensity, which is propor-
tional to the order parameter from lattice distortions,
asymptotically approaches a constant value at low tem-
peratures, in contrast to the temperature dependence of
the resonant diffraction peak. Furthermore, according to
angle-resolved photoemission measurement13,14, the tem-
perature dependence of the CDW gap, which reflects the
CDW order parameters directly from the single parti-
cle spectral function, also exhibits a saturating behavior
at low temperatures, as expected from a typical 2nd or-
der phase transition. Therefore, the observed anomalous
temperature dependence of the CDW resonant diffraction
peak at TbM5 edge is related to the properties of the Tb
4f states involved in the resonant process, in addition to
the actual CDW order parameter.
In the lower panel of Fig. 3(c), the resonant profiles of
this CDW diffraction peak at three representative tem-
peratures are plotted. As can be seen, the lineshape of
the resonant profile does not change as a function of tem-
perature, while the overall intensity changes significantly.
This confirms that the anomalous temperature depen-
dence of the resonant diffraction peak shown in Fig. 3(a)
is not due to the change of its resonance profile. Fur-
thermore, we do not resolve noticeable temperature de-
pendence in XAS, as also shown in Fig. 3(c). This sug-
gests that the underlying mechanism for the tempera-
ture dependence anomaly is a subtle effect on the Tb 4f
states that can only be detected by a sensitive experi-
mental probe such as resonant X-ray diffraction through
the interference effect between rare earth ions with small
variations in population of the crystal-field-split 4f J-
multiplet.
The aforementioned behavior of the resonant diffrac-
tion peak is quite generic in the family of rare earth tri-
tellurides. In Fig. 4(a) and (b), we plot XAS and res-
onant profile for DyTe3 and CeTe3 taken near the Dy
and Ce M5 edges, respectively. Similar to the results of
TbTe3, the resonant profile of the CDW diffraction peak
near the rare earth M5-edge is found to be different and
narrower than the XAS, suggesting the electronic char-
acter of the resonant diffraction peak. The temperature
dependence of the peak intensity and width for TbTe3,
DyTe3, and CeTe3 are plotted in Fig. 4 (c) as a compar-
ison. Intriguingly, similar to TbTe3, the exponential-like
temperature dependence of the resonant diffraction peak
is also seen for both DyTe3 and CeTe3. This further indi-
cates that the anomalous temperature dependence of the
CDW resonant diffraction peak is related to a common
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FIG. 4: (Color online) (a) the XAS (black) and the CDW resonant profile(red) of DyTe3 (left) and CeTe3 (right). Please note
that the CDW diffraction peak for CeTe3 is (0, 2, qCDW ) due to the smaller momentum transfer of the photons at Ce M5-edge.
(b) The CDW diffraction peak intensity of the TbTe3, DyTe3 , and CeTe3 are plotted and superimposed. Inset demonstrates
the width of the diffraction peaks of TbTe3 and DyTe3.
nature of the rare earth 4f state under the influence of
CDW states.
We note that we have also measured GdTe3 and LaTe3;
however, the intensity of the CDW diffraction peak is
too weak to be detected, which provide another support
that the CDW diffraction at M -edge seen in other tri-
telluride is not due to the scattering of the underlying
lattice distortion due to CDW formation, but is due to
electronic origins. The absence of any resonant effect at
the Gd3+ and La3+ M5-edge provide additional informa-
tion about the nature of the resonant diffraction process
at the rare earthM5-edge. In particular, because neither
Gd3+ (4f7) nor La3+ (4f0) have a spatially degenerate
ground state (both are L = 0 states by Hund’s rules), the
symmetry breaking due to the Te2 plane CDW does not
affect these ions and no signal is observed. These will be
discussed in detail in the next section.
IV. THEORETICAL CALCULATION
In order to explain the observed resonant profile and
the temperature dependence, we calculated XAS for rare
earth R3+ ions in RTe3 compounds at the rare earth
M5 edge. We also calculated the resonant elastic X-ray
scattering (REXS) intensity for scattering from a model
charge density wave (CDW) and compare this with the
observed resonant diffraction profile. In our model, the
non-zero resonant CDW signal at rare earth M5 edge
exists because the CDW modifies the crystal-field envi-
ronment experienced by the 4f ions, affecting the crys-
tal electric field (CEF) splitting of the rare earth ion’s
J-multiplet. Thermal population of the CEF eigenstates
leads to the observed temperature dependence of the res-
onant intensity. In principle the local symmetry of the
rare earth ions can be determined from knowledge of the
atomic displacements in the CDW state. However, in or-
der to yield a tractable calculation of the REXS spectra
we develop a simpler model in which the point symmetry
of the rare earth ions is reduced from O3 to O2 with the
CDW periodicity and direction.
For our R3+ REXS calculations, we treat the frozen
CDW as producing a spatially modulated electrostatic
field at the R3+ site. To simplify the calculation, we as-
sume that there are just two types of R3+ sites: (a) sites
at which the effective electrostatic field is maximal (we
call these sites “type-1”);(b) sites at which the effective
electrostatic field is weak or zero (“type-2”). The CDW
periodicity is approximated by a real space pattern of
type 1-2-1. The absorption coefficients for a type-1 site,
µ1, would be different from those of type-2, µ2, resulting
in a different scattering form factors for these two types
of ions. Within this model, the CDW resonant diffraction
peak intensity is proportional to |F1−F2|
2, where F1 and
F2 are the scattering form factors for the ions at type-1
and type-2 rare earth sites, respectively. The imaginary
part of the form factor is the absorption and thus the
form factors can be reconstructed from the absorption
spectrum by utilizing Kramers-Kronig transformation.
The absorption spectrum for a type-2 site µ2 is just
that of a spherically symmetric R3+ ion. This spectrum
is calculated in the usual way as a ground state averaged
over each of the degenerate Hund’s rule ground states; in
spherical symmetry contributions to the XAS from the
next highest electronic initial state are negligible at all
experimentally relevant temperatures due to the Boltz-
mann factor. For the type-1 sites, multiplet energy levels
are given by:
EJ → EJ,M = EJ +
∆
J
|M | , (1)
where J(J +1) is the eigenvalue of the total angular mo-
mentum andM the eigenvalue of the z-component of the
total angular momentum. The parameter ∆ has the di-
mension of energy and has been introduced to account
for the effect of the CDW on the type-1 sites. We have
5divided ∆ by J in Eq. (1) so that ∆ represents the total
splitting over the entire multiplet. The magnitude of ∆
will be seen to determine the temperature dependence of
the REXS peak, and can thus be estimated from the ex-
perimental data shown in Fig. 3(c). The total XAS and
resonant X-ray diffraction peak intensity containing these
two types of ions can be obtained and compared to our
experiment. Importantly, as ∆ is comparable to the en-
ergy scale of the measurement temperature, Boltzmann
statistics were also included to account for the thermal
population of the split 4f multiplets.
To calculate the XAS, we first consider the effect of
a non-zero ∆ on the XAS. In general, the XAS is given
by an average over initial states |I〉 and a sum over final
states |F 〉:
µ(ω) =
∑
I
e−EI/T
Z
∑
F
| 〈F | ǫ · r |I〉 |
2
δ(ω + EI − EF ) ,
(2)
where we have set the Boltzmann constant k = 1,
Z =
∑
I e
−EI/T is the partition function, T is the tem-
perature, ω is the incident photon energy, ǫ is the polar-
ization, and r is the sum of the position operators of the
electrons on the ion. Eq. 2 is a general formula for dipole
absorption, however, we may simplify the formula if we
realize that the ∆ = 0 Hund’s rule ground state energy
is well-separated from the next highest excited state and
thus the average over initial states can be restricted to
an average over the ∆ = 0 ground state manifold for all
experimentally relevant temperatures. For non-zero ∆
the energy depends on both J and |M | and we have
µ(ω) =
J0∑
M=−J0
e−∆|M|/T
ZJ0
×
∑
JF ,MF ,xF
| 〈JF ,MF , xF | ǫ · r |J0,M, x0〉 |
2
×
δΓ(ω + EJ0 − EJF ) ,
(3)
where ZJ0 =
∑J0
M=−J0
e−∆|M|/T , and xF and x0 are any
additional labels needed to specify the state. In Eq. (3)
we have replaced the delta function with a broadened
Lorentizian δΓ where the broadening is due to the lifetime
of the core-hole. Additionally, because we assume that
the width due to the core hole lifetime is much greater
than ∆ we have ignored the M dependence within the
argument of the Lorentzian.16 However, we make no as-
sumption about the relative size of T and ∆, thus the |M |
dependence of the Boltzmann factor must be retained.
Eq. (3) can be written in terms of reduced matrix ele-
ments and Wigner Three-J symbols as:∑
Jf ,Mf ,xf
|〈Jf , xf ||r||J0, x0〉|
2
×
(
1
ZJ0
J0∑
M=−J0
e−∆|M|/T |
(
Jf 1 J
−Mf q M
)
ǫ∗q |
2
)
×
δΓ(EJ0 + ω − EJf ) ,
(4)
where the quantity in the large parenthesis gives a tem-
perature dependent weighing factor for the different pos-
sible final state Jf values (J0 − 1, J0, J0 + 1). Interest-
ingly, this weighing factor can be written in the conve-
nient form17:(
1
ZJ0
J0∑
M=−J0
e−∆|M|/T |
(
Jf 1 J0
−Mf q M
)
ǫ∗q |
2
)
= aJ0,Jf + bJ0,Jf < M
2 > (∆/T )
(5)
where the right hand side follows from the fact that
(for Jf in the allowed range) the squared Wigner Three-
J symbol is in fact a quadratic polynomial in M .
Thus we have a final expression for the temperature
dependent XAS from a single ion of type i:
µi(ω) =
J0+1∑
Jf=J0−1
µJ0,Jf (ω)×
(
aJ0,Jf + bJ0,Jf < M
2 > ((2− i)∆/T )
) (6)
where i = 1 or 2, ∆ is the fixed symmetry breaking en-
ergy due to the frozen CDW distortion, and where µJ0,Jf
is the partial absorption for transitions to final states
with angular momentum Jf . The partial absorption can
be obtained from well-known computer software such as
Cowan’s code18. Note that for i = 2 the argument of the
average square moment is (2 − 2)∆/T = 0 and the XAS
is just equal to the spherically symmetric spectrum.
Each partial absorption µJ0,Jf can be Kramers-Kronig
transformed to obtain the partial REXS scattering form
factor as
FJ0,Jf =
1
π
∫
dz
1
z − (ω + iδ)
µJ0,Jf (ω) ,
and
Fi =
J0+1∑
Jf=J0−1
FJ0,Jf
(
aJ0,Jf + bJ0,Jf < M
2 >
)
.
In Fig. 5, we plot the calculated XAS and resonant
profile of the resonant diffraction peak for the TbTe3,
DyTe3, and CeTe3 near the M5 - edge of rare earth ele-
ments. For temperature dependence calculation, we ig-
nore the temperature dependence of CDW’s order pa-
rameter; such that the calculated temperature dependent
spectrum reflect solely the effect due to the thermal oc-
cupancy of 4f -multiplet. The calculated XAS reproduce
all major features observed in the experiments (see Fig.
2 and Fig. 4), suggesting that this model captures the
essential 4f multiplet physics involved in the M5 absorp-
tion edge. Importantly, the calculated XAS exhibit a
weak temperature dependence, as observed in the exper-
iment. Regarding the resonant profile of CDW diffraction
peak intensity, the calculated resonant profiles also cap-
ture the major characteristic feature of the experimental
data (Fig. 2 and Fig. 4), exhibiting a distinct shape than
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FIG. 5: (Color online) The calculated resonant profile (R. P.) of the CDW diffraction peak and X-ray absorption spectrum
(XAS) for TbTe3, DyTe3, and CeTe3 near the M5 edge of rare earth elements at two representative temperatures, 4 K and
40 K. The calculated temperature dependence of the CDW diffraction peak intensity taken at the photon energy equal to the
maximum of the R.P. is plotted in the insets.
the XAS. Furthermore, unlike the XAS, the intensity of
the calculated resonant profile enhances dramatically at
low temperatures, while the overall lineshape of the reso-
nant profile is still preserved. Our calculation shows that
the resonant diffraction peak intensity increases exponen-
tially, as observed experimentally. This exponential-like
temperature dependence is due to the fact that ∆ is of the
same order as the measurement temperature; as a conse-
quence, the thermal occupancy of the split 4f multiplet,
which is governed by Boltzmann factor, dominates the
temperature dependence of the CDW resonant diffrac-
tion peak intensity.
Also, consistent with the experimental observations,
the REXS intensity for both LaTe3 and GdTe3 is identi-
cally zero in theory. This is obviously the case for LaTe3
which has a non-degenerate J = 0 ground state and can
not be further split by the symmetry breaking field. The
GdTe3 ground state is spatially symmetric L = 0 but
degenerate due to the spin S = 7/2. However, a spa-
tial perturbation such as that due to the CDW field can
not split the spin degeneracy and thus there can not be
a REXS signal for the GdTe3 system either. This can
be understood as follows. A general CDW perturbation
δH which acts only on spatial variables can be written
in second quantization as
δH =
∑
a,b,σ
c†a,σcb,σva,b ,
where the va,b are numbers, the indices a and b refer to
a complete set of spatial basis functions, and the index
σ labels the spin. Using the explicit form given above it
is straightforward to show
[δH, ~S] = 0 .
In order for the perturbation not to spilt the degeneracies
of any atomic multiplet states, we might try to show that
for GdTe3
[δH, ~J ]
?
= 0 .
This is not generally true, however, we only require a
weaker condition: δH commute with ~J within the ground
state manifold. But, within the ground state manifold we
have already seen that we may set L = 0. Thus,
[δH, ~J ] = [δH, ~L+ ~S]→ [δH, ~S] = 0 .
Because the perturbation commutes with J in the ground
state manifold the total Hamiltonian commutes with J
which thus remains a good quantum number.
V. DISCUSSION
Usually, the CEF parameters are determined by inelas-
tic neutron scattering, or, by optical spectroscopy – two
techniques for which the associated energy scale is clearly
well suited. However, these two techniques measure spa-
tially averaged CEF parameter, not able to distinguish
a periodic modulated CEF effect, like the present cases.
Here, using resonant X-ray diffraction, the 4f multiplet
splitting parameter, ∆, can be estimated. We fit the
experimental temperature dependence data to the theo-
retical model, yielding value of ∆ for Tb, Dy, and Ce to
be approximately 4 meV, 2 meV, and 20 meV, respec-
tively. Therefore, when compared to typical electronic
energy scales, the 4f multiplet splitting is small and thus
difficult to resolve for spectroscopies which measure elec-
tronic structure such as XAS. The REXS, however, is
sensitive to this small energy scale due to the quantum
interference which results in a spectrum proportional to
|F1 − F2|.
We also remark that the values of ∆ fitted from our
data are on the order of the expected change in 4f -2p
7hybridization energy due to the CDW distortion. The
hybridization energy between the rare earth 4f electrons
and Te 2p electrons is estimated to be19 approximately
0.3 eV. This energy varies with distance as the inverse
fifth power of the distance between ions19. Thus the
magnitude of the percent change in hybridization en-
ergy is five times the percentage change in bond dis-
tance associated with the CDW distortion. According to
non-resonant X-ray diffraction9, the change of the bond
length is on the order of 0.3 percent in TbTe3, corre-
sponding to a ∆ approximately 5 meV, or 60K. This is
consistent with the value of ∆ estimated from the exper-
imental data, and a similar order of magnitude to the
other estimated values from experiments. A more de-
tailed theory of the tri-telluride materials could also in-
clude further site-types for the rare-earth ions and could
attempt an ab initio calculation of spatially-dependent
splitting parameters at each site. However, we do not
pursue this line here as we are interested only in the
qualitative effect of the CDW on the rare-earth elastic
scattering.
In summary, the periodic 4f multiplet splitting of rare
earth ions induced by a charge density wave (CDW) state
in the family of rare earth tri-telluride was detected and
measured by resonant soft X-ray diffraction near the rare
earth M5 absorption edge. The diffraction peak inten-
sity exhibits an exponential increase at low temperatures,
which is due to the variation of the thermal occupancy
of rare earth 4f multiplet. Our results also demonstrate
that the resonant peak intensity does not necessarily
simply represent the order parameters of CDW state;
thermal averaging of the ground states and intermedi-
ate states can also contribute to the measured tempera-
ture dependence of the diffraction peak, when their band
width are comparable to the measurement temperatures.
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